Several proteins, including the gene regulatory protein transcription factor MIlA, have been shown to contain tandem repeats of sequences of %30 amino acids that are believed to form structural domains around bound zinc ions ("zinc fingers"). The consensus sequence for these repeats is (Phe, Tyr)-Xaa-Cys-(Xaa)20,4-Cys-(Xaa)3-Phe-(Xaa)S-Leu-(Xaa)2-His-(Xaa)3-His-(Xaa)5, where Xaa is any amino acid. Comparisons with metalloproteins with known structures have allowed the development of a detailed three-dimensional model for these domains consisting of an antiparallel a-sheet followed by an a-helix. The proposed structure provides a basis for understanding the detailed roles of the conserved residues and allows construction of a model for the interaction of these proteins with nucleic acids in which the proteins wrap around the nucleic acids in the major groove.
Recently a class ofproteins has been discovered that contains from two to nine imperfect repeats of sequences of the form (Phe, Tyr)-Xaa-Cys-(Xaa)2.r4-Cys-(Xaa)3-Phe-(Xaa)5-Leu-(Xaa)2-His-(Xaa)3-His-(Xaa)5 (1, 2) . This consensus sequence is quite well defined since a total of 47 sequences of this form have been observed in nine proteins (3) (4) (5) (6) (7) (8) (9) (10) (11) . The prototype for these proteins is transcription factor IIIA (TFIIIA), a protein that specifically binds to the 50-base-pair internal control region of 5S RNA genes and to the 5S RNA itself. The TFIIIA sequence has nine such repeats (4, 5) . Based on the four conserved potential metal-binding residues (2 cysteines, 2 histidines) and on the observation that the TFIIIA:55 RNA complex contains 7-11 zinc ions per protein (4) , it was proposed that each 30-amino acid repeat folds into an independent structural domain organized around a tetrahedrally coordinated Zn2+ ion (4, 5) . This domain was termed a "zinc finger" (4) and the proteins were termed the "finger proteins. " * This hypothesis is now well supported by several lines of evidence, including limited proteolysis studies (4) , analysis of the TFIIIA gene structure (12), x-ray absorption studies of the zinc site (13) , and preliminary studies of a peptide corresponding to a single domain (14) . However, no three-dimensional structural information is yet available for any of these proteins.
The prediction of protein structures from amino acid sequences remains a highly desirable goal but a general solution seems out of reach at present. However, some progress has been made for proteins that contain features that can be identified as analogous to elements (e.g., secondary structures, ligand interactions) from proteins with known three-dimensional structures (15) . The zinc finger presents an attractive problem for structural prediction since (i) the conserved residues that are presumably responsible for structural integrity are well established as noted above; (ii) the sequence is relatively small; and (iii) it seems to occur quite commonly in eukaryotic systems, playing roles in developmental and metabolic control through nucleic acid recognition. Several structurally characterized metalloproteins (16) The analogy between these structures and the zinc finger domains extends further to include the conserved hydrophobic residues. The sequences for the structures noted above are
Tyr-Thr-Cys-Thr-Val-Cys-Gly-Tyr-Ile-Tyr 37 2
Trp-Val-Cys-Pro-Leu-Cys-Gly-Val-Gly-Lys Aspartate transcarbamoylase 136 3
Leu-Lys-Cys-Lys-Tyr-Cys-Glu-Lys-Glu-Phe 107 4 Leu-Val-Cys-Pro-Asn-Ser-Asn-Cys-Ile-Ser-His-Ala
In each case, a hydrophobic residue occurs at a position corresponding to position 1. Furthermore, for two of the sequences (1 and 3) an aromatic residue occurs at a position corresponding to position 10. The occurrence of these residues is particularly striking for sequence 3, which is quite hydrophilic overall. Importantly, for these two structures (and not the others) the /3-sheet extends through this region with hydrogen bonds at positions corresponding to N-0 and 1 10 O-N. The two hydrophobic residues lie on the same side of the P-sheet as the metal ion and are packed against other hydrophobic residues ofthe proteins. The a-carbon atoms for residues 1-10 of these two structures may be superimposed with a root-mean-square deviation of 0.72 A. These observations suggest that the conserved residues in the zinc finger sequences may play similar roles and that the structures from these proteins may be used to model that in the zinc finger domain. The structure corresponding to sequence 3 was used with a phenylalanine residue replacing leucine for modelbuilding purposes.
Recently, the sequence of the hunchback gene from Drosophila was reported (20) . The predicted amino acid sequence contains six finger motifs that generally fit the consensus sequence noted above except for the fact that five of the six sequences lack the aromatic residue in position 10. However, three of these five sequences have a phenylalanine or tyrosine residue in position 8. The aromatic ring from this position with the t90 side-chain conformation (21) can occupy a similar position in space as that from Phe in the -90 side-chain conformation. Indeed, this is observed in rubredoxin, where the aromatic ring of Tyr occupies a similar position (relative to the metal coordination unit) to that of Phe in aspartate transcarbamoylase. Thus, the hunchback sequences are predicted to adopt a similar structure as the other finger sequences with the hydrophobic residue in position 8 playing the role of that in position 10 in the more typical sequences. 1 2
The His-His loop has the sequence Xaa-Leu-XAa-X a-HaFsXda--a-Aa-ts. Three structurally characterized proteins have a metal ion bound to two histidines separated by three residues: thermolysin (Zn) (22) , hemerythrin (Fe) (23) , and hemocyanin (Cu) (24) , which has two such structures. In each case the region adopts an a-helical conformation with each histidine coordinated to the metal ion through the e-nitrogen. The hypothesis that this region of the zinc finger domain is a-helical is supported by two additional observations. First, the conserved leucine precedes the first histidine by two residues such that it would lie on the same face of the helix as the histidines. Second, secondary structure predictions averaged over the known finger sequences (11) suggest the presence of a helix in the region corresponding to residues 1-7. The structure from thermolysin with leucine placed in position 2 was used for model-building purposes. It should be noted that a few of the finger sequences have four rather than three residues between the two histidine residues. No structurally characterized metalloproteins show this spacing between bound histidine residues. However, the region including residues 101-106 in hemerythrin is part of a distorted helix 101 106 with His and Asp coordinated to an iron atom. Thus, the presence of four residues between coordinated histidines may not preclude the extension of a helix through this region of a finger structure. The Cys-Cys loop and the His-His loop structures found in this manner may be combined around a zinc ion in two ways (corresponding to the two chiralities of the tetrahedral zinc). The first places the carboxyl terminus of the Cys-Cys loop and the amino terminus of the His-His loop >15 A apart, a distance too great to be spanned by the four residues of the tip region. The second (corresponding to the S absolute (27) and Ser-Gly-Ala-LysGly-Phe from Escherichia coli L-arabinose-binding protein (28) . In these cases the serine residue is the last residue of an a-helix with the next four residues in a relatively extended loop and the phenylalanine residue lying at the aminoterminal end of a ,8-sheet. These observations are consistent with the secondary structures at the termini of the zinc finger domain and suggest that the linker is in a similar extended conformation with the conserved glycine and proline residues acting to terminate the a-helix and 3-sheet.
Based on nuclease digestion and chemical protection studies of TFIIIA bound to a 5S RNA gene, Fairall, Rhodes, and Klug (29) proposed two models for the interactions of TFIIIA with DNA. In model I, TFIIIA wraps around the tThe coordinates for the proposed structure are available from the author upon request. DNA with the fingers following the helical path of the major groove. In model II, the protein lies on one face of the DNA with alternate fingers lying in two different planes at an angle to one another so that each finger lies in the major groove. Based on a detailed analysis of their data, Fairall et al. favored model II. These two models require substantially different structures for the individual fingers. In model II, the true repeat for the structure is two fingers, so that alternate fingers contact the DNA through opposite faces, suggesting a symmetrical structure for the finger. Furthermore, model II suggests that the amino terminus and carboxyl terminus of the finger structure should exit from the same end of the finger. In contrast, in the model I, each finger interacts with the DNA in the same manner. In addition, the amino and carboxyl termini should exit from opposite ends of the structure. The proposed structure developed herein clearly favors model I with the protein following the major groove of the DNA, as shown in Fig. 2 . The proposed structure suggests that the a-helix lies in the major groove ofDNA with the Cys-Cys loop 8-structure lying farther away from the DNA helical axis. This suggests that specific contacts are made by the carboxyl-terminal residues of the tip region and by the helical His-His loop, particularly by residues Xaa and Xla. This arrangement is quite appealing in that interactions between the amino-terminal ends of a-helices and the major groove of DNA are a feature common to several classes of structurally characterized DNA-binding proteins (30, 31 Nonspecific backbone contacts would be made by the edges of the p-sheet, including residue Ma of the Cys-Cys loop, which is the most conserved basic amino acid in the finger sequences (3) (4) (5) (6) (7) (8) (9) (10) (11) . This residue is constrained by the conformation of the Cys-Cys loop to point toward the noncoding strand of the SS gene, the strand with which TFIIIA is known to make more extensive contacts (32) . Additional contacts could be made by the two hydrophilic amino acids of the linker region that would lie in the major groove as well.
Until an experimentally determined structure of a finger protein or a single zinc-binding domain peptide (14) becomes available, the structure described here provides a useful model for considering the mechanisms of action of these proteins. It should be noted that this model depends on the spacing between the metal-binding residues and between these and the conserved hydrophobic residues in the consensus sequence. Though most of the sequences do fit the consensus in this regard, differences do occur. Clearly, variations in the finger structure itself or in the length or characteristics of the linkers between fingers may allow variations in the types of interaction between finger proteins and nucleic acids. These variant structures may be crucial for the nucleic acid recognition process.
